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 Fault-tolerant capability of electrical motor drives is an essential feature in 
applications such as automotive, aeronautic, and many others. A multi-phase 
permanent-magnet BLDC motor exhibits a high fault tolerant capability 
hence increasing the reliability, as it can be designed to reduce the fault 
occurrence as well as to operate indefinitely in the presence of fault, keeping 
the mininimum requirements. With multi independent phases, in the event of 
failure of one or more, the remaining healthy phases let the motor to operate 
properly. This paper presents finite element modeling and results of a five-
phase permanent magnet brushless motor designed for high power density 
application, exploring the characteristics of multiphase topology. 
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1. INTRODUCTION  

Permanent magnet BLDC motors exhibit well-known attractive features such as high efficiency, 
good operating performance, and better torque-to-current ratio last feature being particularly suited when the 
motor must be overrated to sustain the lack of one or more phases, whereas the stator winding short circuit 
current (fed by the rotor magnet back-EMF) can be limited by a proper design of the leakage inductance. The 
use of more than three phases makes possible to obtain high torque reserve both to allow increased dynamic 
performance of the machine and to extent operation in the case of damage in some phases by simply 
disabling the faulty phases until maintenance is possible. The efficient utilization of increased number of 
phases is studied and the result under different operating condition is shown in fig 1. Also multiphase motor 
drives posses many other advantages over the traditional three-phase motor drives such as reducing the stator 
current per phase without increasing the voltage per phase, lowering the dc link current harmonics and higher 
reliability [1]-[3]. By increasing the number of phases it is also possible to increase the torque per rms 
ampere for the same volume machine [4], [5].   

  In this paper, a fractional slot interior permanent motor is designed to reduce the reluctance torque 
.The use of fractional slot winding not only reduces the amplitude of the cogging torque but also increases 
the fundamental order since the stator slots are located at different relative circumferential positions with 
respect to the edges of the magnets. In general the higher the LCM between the number of poles and number 
of slots the lower the cogging torque while the smaller the GCD between the number of poles and number of 
slots the lower the cogging torque. The use of interior permanent magnet reduces the inertia due to its 
reduced rotor diameter. Hence interior rotor motor is preferred in areas where lower rotor inertia is required. 

This paper presents a five phase BLDC motor designed or high power density application. The 
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foundation of the motor design is a motor with fault tolerance, high reliability, compact structure and low 
weight .A five phase BLDC motor has been designed and simulation results are presented to validate the 
design. 

 
 

 
 

Figure 1.Torque by different number of phases under different fault conditions for current amplitude of 1A. 
 
 

2. DESIGN OF THE PROPOSED MOTOR  
The motor is designed by using the design equations from [6],[7]. 

The EMF contributing to the electromagnetic power is: 

ܧ ൌ ൫ ௣ܰ௛ െ 1൯2ߨ ௧ܰ݇௪ܦߙ௥ܤܮ௚݊                            (1)     
 
where L is the active motor length, D୰ is the rotor outer diameter, N୮୦ is the number of phases, N୮୦-1 is the 
number of phases conducting simultaneously, N୲ the number of turns per phase, k୵ is the winding factor, ߙ 
is the pole arc coefficient, ܤ௚the air-gap magnetic flux density and n the rotational speed in rev/s. 
The electromagnetic torque is: 
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where, ܫ௦ is the current amplitude[8,9].  
 
The electromagnetic power (P଴) and torque are always positive because negative EMF times with negative 
current feeding gives a positive product.        
 The requirement of the proposed motor is given in Table 1.                          
Using equations (1) and (2), it is possible to calculate the number of turns. The design parameter mainly 
focuses on reduced cogging torque, and hence slot per pole combination is considered to obtain a reduced 
value of cogging torque. The features of the proposed motor design are summarized in Table 2. 
 
 

Table 1. Motor specifications 
Parameter value unit 
Supply  voltage 
 

28 V 

Rotor outer diameter 90 mm 

Stator outer diameter 110 mm 

Rated Speed 440 rpm 

Required torque 3 Nm 

Stack length 24 mm 

Air gap flux density 0.8 T 
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With the design objective of maximizing motor efficiency and torque, keeping the motor dimensions and 
ratings same as in the given parameters, first attempt was to select slot per pole combination. Various 
combination of slots and poles are studied and it is seen that 16 poles and 60 slots are a perfect combination 
for the application. The copper loss can be reduced with the increased number poles because end windings 
become shorter. But the increase in number of poles can lead to increased switching frequency and hence an 
increase in iron losses. Considering the application requirements (like, maximum speed, supply voltage, 
frequency, continuous power and torque requirement), design steps were done.   

 
 

Table 2.Selection of Poles , Slots and Phases 
Change  Cogging 

torque 
Speed  Torque material 

utilized 
cost 

poles 
increased 

 
Reduced 

 
Reduced 

 
Increased 

 
Increased 

 
Increased 

teeth  
increased 

 
Reduced 

 
No 

change 

 
No 

change 

 
Increased 

 
Increased 

phases  
increased 

 
Reduced 

 
No 

change 

 
No 

change 

 
Increased 

 
Increased 

 
 

The air-gap flux density depends on the type of configuration and permanent magnet properties. The 
use of rare earth magnets may allow values higher than 1.0T. Samarium cobalt magnets are suitable for our 
application due to their high energy density 20MGOe residual flux density ܤ௥ at 20 ◦C is .9T, the coercive 
field strength Hc is 730 kA/m, and the max operating temperature 250°. From (2), the torque developed by 
the motor increases as the air gap flux density is increased. Thus we need to increase the air gap flux density 
for maximizing the motor efficiency and torque. Also a higher air gap flux density is advantageous so that the 
armature current is reduced to deliver the same torque level. So the effective air gap length is taken using 
Carter’s coefficient, equation (3). 
 

݃′ ൌ ݃݇௖                                                       (3) 
 
where ݇௖-Carter’s coefficient        
 
The proposed motor design details are given in Table 3. 
                                            
 

Table 3.Motor design details 
Parameter Value unit 

Number of poles 16  
Number of slots 60  
Magnet SmCo5  
Magnet thickness 4.5 mm 
Length of the magnet 12.3 mm 
Number of turns per phase 128  

 

 
 
3. FINITE ELEMENT MODELING AND RESULTS  

 By using the finite element analysis (FEA) it is possible to solve the electromagnetic state of the 
machine. When the machine geometry is described into the FEA-software, the value of the flux created by 
the permanent magnets, PM can be solved. This is an important value for the calculating of the induced back 
EMF. Fig.2 shows the main features of the five phase machine under study. The rotor carries surface 
mounted permanent magnets of alternate polarities making a succession of north and south poles. 

The simulation shows how the circular motion of a rotor with permanent magnet generate an 
induced EMF in a stator winding. The generated voltage is evaluated as a function of time during the 
rotation. The centre of the rotor consists of silicon steel. The stator is made of the same material as the rotor 
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confining the field in closed loops through the winding. 2D-FEM model of the BLDC motor is built. The flux 
densities in the motor are shown in Figure 3 which verifies the motor design. 

 

 
 

Figure 2. Five-phase PM BLDC motor: cross -sectional structure and winding distribution 
 

 

Figure 3.  The flux densities in the motor 
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Figure 4 shows the flux density in the air gap which is .8T as required. The ripple in the plot is due 
to the slot opening in the motor.  

 

 

Figure 4. Flux density in motor air gap=0.8T 
 

The 2D FEM analysis has also shown us that the phase voltage, voltage across adjacent and non 
adjacent phases of the multiphase winding motor differs as expected. This is shown in Figure 5. 

 

 

Figure 5. Comparison of phase voltage, voltages in adjacent and non adjacent phases 
 
 

The electromotive force (EMF) of stator winding is critical to the design and analysis of PM 
synchronous motor. No-load EMF, namely, E is induced by no-load air gap flux density. The value of emf is 
relative to stator current, motor efficiency and the amount of permanent magnets. The simulated back EMF is 
as in Figure 6, which shows the reduced ripple amplitude and incesed ripple frequency. The peak to peak 
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ripple percentage in the five phase topology is reduced to 4.5%. Cogging torque of the motor was calculated 
using finite element analysis and the plots are shown in Figure 7. 

 

 

 
 

Figure 6. Back EMF waveform 
 
 

 
 

Figure 7. Cogging torque of the designed motor 
 

 
4. CONCLUSION  

This paper discussed the advantages of multiphase validating for torque for a current of 1A. Further 
the design details or the proposed motor is calculated from the design equations and knowledge. Finite 
element modeling of the proposed motor is done and the analysis results are shown. The experimental 
verification of these results, the motor will be fabricated and the tests will be conducted in the due course of 
time.   
 
 
REFERENCES  
[1] Marco Villani, Marco Tursini, Giuseppe Fabri, and Luca Castellini, High Reliability Permanent Magnet Brushless Motor Drive 

for    Aircraft application”, IEEE transactions on industrial electronics, vol. 59, no. 5, May 2012 



                ISSN: 2088-8694 

IJPEDS  Vol. 3, No. 4 December 2013 :  384 – 390 

390

[2] M. Villani, M. Tursini, G. Fabri, L. Castellini,” Fault-Tolerant PM Brushless DC Drive for Aerospace Application”, XIX 
International Conference on Electrical Machines - ICEM 2010, Rome. 

[3] Xiaoyan Huang, Andrew Goodman, Chris Gerada, Youtong Fang, Qinfen Lu,”Design of a Five-Phase Brushless DC Motor for a 
Safety Critical Aerospace Application”, IEEE transactions on industrial electronics, vol. 59, no. 9, September 2012 

[4] Nicola Bianchi, Silverio Bolognani, Michele Dai Pré,” Strategies for the Fault-Tolerant Current Control of a Five-Phase 
Permanent-Magnet Motor”, IEEE transactions on industry applications, vol. 43, no. 4, July/August 2007. 

[5] L. Parsa and H. A. Toliyat, “Fault-tolerant five-phase permanent-magnet motor drives,” in Proc. IEEE IAS Annu. Meeting, Oct. 
3–7, 2004, CD-ROM. 

[6] J. R. Hendershot Jr., T.J.E. Miller. Design of Brushless Permanent magnet motors. Magna Physics publishing and Clarendon 
press- Oxford 1994 

[7] Jacek F. Gieras, Rong- Jie Wang and Maarten J. Kamper. Axial Flux Permanent Magnet Brushless Machines. Springer Science + 
Business Media, Inc. Kluwer Academic Publishers, 2005. 

 
 

BIOGRAPHIES OF AUTHORS  
 

Kiran George was born in 1989 and received the B.Tech degree in Electrical and Electronics 
Engineering from MBC college of Engineering, Peermade, Kerala, India, in 2011. 
At present she is doing her Final year M.Tech programme in Power Electronics in the 
Department of Electrical and Electronics Engineering, Mar Athanasius College of Engineering 
Kothamangalam, Kerala, India. Her areas of special interest are design, modelling and 
optimization of electrical machines and drives. 
 
 

  

 

 
 

K.S. Shinoy received the B.Tech degree in Electrical and Electronics Engineering from National 
Institute of Technology (NIT), Calicut, Kerala, India, in 2002 and Masters Degree in Power 
Electronics, Electrical Machines and Drives from Indian Institute of Technology, Delhi, India, in 
2004. He joined Vikram Sarabhai Space Centre (VSSC), ISRO in 2004. 
Currently he is working as a Scientist in Control Electronics and Check out Division, VSSC, 
Thiruvananthapuram, Kerala. His areas of special interest include Finite Element Analysis, 
Modelling, Design and Optimization of Brushless DC motors. 
 

  

 
 

Sija Gopinath received the B.Tech degree in Electrical and Electronics Engineering from Mar 
Athanasius College of Engineering, Kothamangalam, Kerala, Indiain 2003 and Masters Degree 
in Power System from College of Engineering, Thiruvanathapuram, Kerala India, in 2005.  

Currently she is Assistant Professor in the Department of Electrical and Electronics 
Engineering, Mar Atahanasius College of Engineering, Kothamangalam, Kerala. Her areas of 
special interest include Design and Control of Industrial Drives, Power Electronics and Electrical 
Machines. 
 

 


